Background: Understanding lymph drainage patterns of the peritoneum could assist in staging and treatment of gastrointestinal and ovarian malignancies. Sentinel lymph nodes (SLNs) have been identified for solid organs and the pleural space. Our purpose was to determine whether the peritoneal space has a predictable lymph node drainage pattern.
The sentinel lymph node (SLN) concept states that the first lymph node to receive lymphatic drainage from a tumor site will contain tumor cells in the setting of direct lymphatic spread. 1 SLN mapping has had increasing applications in solid organs and masses. Two recent studies demonstrated that a potential space, the pleural space, also drains via a SLN.
Novel near-infrared (NIR) fluorescent lymph tracers identified the superior mediastinal lymph node group as the SLN of the pleural space, 2 and patterned drainage of lymph to chest wall, axillary, and intraabdominal lymph node groups followed. 3 However, it remains controversial whether the peritoneal space has a predictable lymph drainage pattern. Studies using injection of Evans blue dye or radioactively labeled albumin into the peritoneal cavity have demonstrated lymph drainage to both mediastinal and intra-abdominal lymph nodes. 4 However, abdominal lymph nodes were difficult to characterize against a high background of blue color or radioactivity within the abdomen. These earlier studies described lymph transport through channels in the diaphragm, 5 lymphatic duct, 6 or a remnant pneumoenteric fistula. 7 Although these previous studies have identified lymph channels communicating with the peritoneal space, none has mapped predictable drainage patterns or SLN groups.
Elucidation of the patterns of lymphatic drainage of the peritoneal space could assist in staging, prognosis, and treatment of intra-abdominal malignancies with potential for tumor sloughing into the peritoneal space. If predictable SLNs of the peritoneal space could be identified, they could be investigated or biopsied for tumor involvement even before bulky lymph node involvement was clinically apparent. The purpose of this study was to investigate the lymphatic drainage of the peritoneal space by answering three questions: Does the peritoneum have a SLN? What is the pattern of lymph flow beyond the SLN? Which peritoneal surface, visceral or parietal, governs intraperitoneal lymphatic flow?
To address these questions, we used two novel NIR fluorescent lymph tracers: quantum dots (QDs) and human serum albumin (HSA) conjugated with IRDye800 (HSA800). QDs have a hydrodynamic diameter of 20 nm and are engineered to travel through lymph channels but stop within the first encountered lymph node. In contrast, HSA800 has a hydrodynamic diameter of 7 nm, which allows travel through lymphatics and lymph nodes to identify distant patterns of lymph flow. With QDs identifying SLNs and HSA800 identifying distant lymph flow, we were able to characterize lymphatic flow from the peritoneal space.
MATERIALS AND METHODS

Preparation of QDs for Identification of SLNs
NIR fluorescent QDs designed for retention in the first-draining lymph node have been previously described. 8 Briefly, these type II core/shell QDs are semiconductor nanocrystals that contain an inorganic core of cadmium telluride, an inorganic shell of cadmium selenide, and an outer organic coating of solubilizing oligomeric phosphines. Hydrodynamic diameter measured by gel filtration is 15 to 20 nm. These particular QDs were engineered to fluoresce in the NIR, with peak emission at 840 nm. A stock solution of 0.2 mM of QDs in phosphate-buffered saline, pH 7.4, was used for all studies.
Preparation of HSA800 for Identification of Distant Lymph Flow HSA800, designed with a hydrodynamic diameter of 7 nm for migration to distant lymph nodes after initial accumulation in the first-draining node, has been described in detail previously. 9 Briefly, HSA was covalently conjugated to IRDye 800CW NIR dye (CW800; LI-COR, Lincoln, NE) via an amide bond (HSA800). The ratio of CW800 to albumin was 3.4. Peak absorbance and emission of HSA800 were 778 and 795 nm, respectively, in phosphate-buffered saline, pH 7.4. A stock solution of 10 lM HSA800 in phosphate-buffered saline was used for all studies. Both of these fluorescent biological labels are excellent tracers for SLN mapping because they are highly fluorescent, nonradioactive, and easily visible deep within tissue.
Intraoperative NIR Fluorescence Imaging System
The imaging system has been described in detail previously. 10 Briefly, it is composed of two wavelength-isolated excitation sources, one generating 400-to 700-nm ''white'' light and the other simultaneously generating 5 mW/cm 2 of 725-to 775-nm light over a 15-cm-diameter field of view. Photon collection is achieved with custom-designed optics that maintain separation of the white light and NIR fluorescence (>795 nm) channels. After computercontrolled camera acquisition, anatomical (white light) and functional (NIR fluorescent light) images can be displayed separately and merged. To create a single image that displays both anatomy (color video) and function (NIR fluorescence), the NIR fluorescence image was pseudocolored in lime green and overlaid with 100% transparency on top of the color video image of the same surgical field. All images are refreshed 15 times per second. The entire apparatus is suspended on an articulated arm over the surgical field, thus permitting noninvasive and nonintrusive imaging. Real-time video images assisted in the location and dissection of HSA800-positive tissue. Depending on the application, fluorescence can be detected through up to 1 cm of tissue. 8 
Animal Surgery
Animals were used under the supervision of an approved institutional protocol. Adult male SpragueDawley rats (Taconic, Germantown, NY) weighing 250 g were anesthetized with xylazine (10 mg/kg) and ketamine (100 mg/kg) intraperitoneally. Rats were shaved, prepared, and draped in the usual sterile fashion.
Protocol 1: To identify Whether the Peritoneal Space Has Dominant SLN Drainage
Under aseptic conditions, a 0.5-cm midline laparotomy was made. The abdominal wall was elevated away from the abdominal contents to ensure tracer injection into the peritoneal space and to avoid injection into tissue. QDs (5.7 lM; 300 lL per animal; 1.7 nmol per animal; 6.8 nmol/kg body weight) were administered into 20 rats by using a 25-gauge needle. QDs, with a large hydrodynamic diameter (20 nm), were chosen as a tracer of the SLN because of their ability to flow through lymphatics but remain in the first-draining lymph node, i.e., the SLN. During administration of QDs, NIR fluorescence imaging of the peritoneum was used to demonstrate even distribution of the QDs throughout the peritoneal space. The laparotomy was sutured closed, followed by closure of the skin. Four rats were imaged at 10 minutes, 20 minutes, and 1, 4, and 24 hours to visualize the lymph nodes containing QDs. Under aseptic conditions, a 0.5-cm incision in the right upper, right lower, left upper, or left lower abdominal wall was made. The abdominal wall was elevated away from the abdominal contents to ensure NIR tracer injection into the peritoneal space and to avoid injection into tissue. QDs (5.7 lM; 300 lL per animal; 1.7 nmol per animal; 6.8 nmol/kg body weight) were administered into one of the four quadrants of the abdomen (n = 4 rats for each quadrant) by using a 25-gauge needle. Rats were imaged at 1 hour.
Protocol 3: To Identify Peritoneal Lymph Node Drainage Patterns Beyond the SLN A .5-cm midline laparotomy was made. The abdominal wall was elevated away from the abdominal contents to ensure NIR tracer injection into the peritoneal space and to avoid injection into tissue. HSA800 (10 lM; 300 lL per animal; 3 nmol per animal; 12 nmol/kg) was injected into the peritoneal space of 20 rats by using a 25-gauge needle. The small laparotomy was sutured closed, followed by closure of the skin. HSA800 was chosen as a tracer of lymph patterns beyond the SLN because of its small diameter of 7 nm, which permits flow through lymph nodes. Four rats were imaged at 10 minutes, 20 minutes, and 1 and 24 hours to identify HSA800 within lymphatics and lymph nodes. Twelve rats underwent resection of bowel from the ligament of Treitz to the sigmoid colon and anastomosis of the duodenum to the sigmoid colon with six interrupted sutures of 6-0 silk. This resection was the maximal resection possible while still maintaining continuity and preservation of the celiac, superior mesenteric, and periportal lymph node groups. Six of these rats received intraperitoneal injection of QDs. Six rats underwent a sham operation consisting of a laparotomy bowel transection at the ligament of Treitz and reanastomosis without resection by using six interrupted sutures of 6-0 silk. All 12 rats underwent midline injection of QDs (5.7 lM; 300 lL per animal; 1.7 nmol per animal; 6.8 nmol/kg body weight) with imaging of SLNs 1 hour after injection.
Protocol 6: To Measure the Contribution of Visceral Surfaces to Peritoneal Lymph Flow of HSA800
Six rats underwent resection of bowel as described in protocol 5. Six additional control rats underwent laparotomy, bowel transection, and anastomosis. All 12 rats received intraperitoneal injection of HSA800 (10 lM; 300 lL per animal; 3 nmol per animal; 12 nmol/kg). All animals were imaged 1 hour after injection.
Statistical Analysis
Associations were assessed with the v 2 test. Distributions were considered significant if P < .05.
RESULTS
Identification of Peritoneal SLNs by Using Large-Hydrodynamic-Diameter QDs
Ten minutes after injection of QDs into the peritoneal space, QDs were still apparent throughout the peritoneum. In one of the four rats, the superior mesenteric lymph node had QD uptake. Twenty minutes after injection of QDs, minimal QDs remained in the peritoneum. One to three intraabdominal lymph node groups demonstrated QD uptake at this time point in all animals. The QDpositive lymph node groups included the superior mesenteric (Fig. 1A) , celiac, and periportal lymph node groups. At 1, 4, and 24 hours, this pattern was not significantly different (Fig. 1B) . Minimal QD uptake was observed in the superior mediastinal lymph node group, but the brightness of this uptake was far inferior to the lymph nodes of the abdomen noted previously. The superior mesenteric, celiac, and periportal lymph node groups were the dominant recipients of lymphatic uptake from the peritoneal space.
Identification of Peritoneal Lymph Drainage Beyond the SLN by Using Small-Hydrodynamic-Diameter HSA800
Ten minutes after injection of HSA800 into the peritoneal space, HSA800 was still apparent throughout the peritoneal space, but in two rats HSA800 was found in two superior mesenteric lymph nodes. By 20 minutes, no HSA800 was visible within the peritoneum. All four rats had uptake of HSA800 into the superior mesenteric and celiac lymph nodes. Three of the four had uptake into the periportal lymph node group, and one had uptake of HSA800 into the superior mediastinal lymph node group. At 1, 4, and 24 hours, rats had consistent uptake into the superior mesenteric, celiac, periportal, and superior mediastinal lymph node groups and occasional uptake into the anterior mediastinal lymph node groups ( Fig. 2A ). There were specific positive and negative lymph node groups, suggesting a distinct lymph node pattern and not a diffuse distribution of HSA800 to all lymph tissues (Fig. 2B) . There was no significant difference in the location or number of node groups with HSA800 uptake between 1, 4, and 24 hours. In contrast to QDs, which remained in abdominal SLNs, HSA800 was able to migrate to thoracic lymph nodes at time points >1 hour.
Injection of Lymphatic Tracers Into Different Quadrants of the Abdomen
Four groups of four rats each received injection of either QDs (Fig. 3A) or HSA800 (Fig. 3B) into each of the four quadrants of the abdomen. All rats were imaged 1 hour after injection of lymph tracers, because this permitted ample time for migration from the peritoneum into the lymph nodes. The location and number of SLNs identified did not differ among the four groups, nor was there a significant difference in the pattern of lymph flow according to the injection site.
Change of SLN Drainage Pattern After Bowel Resection
Six rats receiving bowel resection from the ligament of Treitz to the descending colon were compared with six control rats receiving laparotomy, bowel transection, and reanastomosis. All rats received intraperitoneal injection of QDs and imaging 1 hour later. After sham surgery, QD uptake was distributed to the superior mesenteric (six of six rats), celiac (four of six rats), and periportal (three of six rats) lymph node groups. This distribution was not significantly different from the distribution of QDs in nonoperated rats. No sham surgery rats demonstrated intrathoracic QD uptake. After bowel resection, QD uptake was significantly shifted from intraabdominal lymph node groups to intrathoracic lymph node groups: namely, the superior mediastinal (six of six rats) and anterior mediastinal (two of six rats) lymph node groups (P < .01; Fig. 4A ). Only three of six bowel-resected rats had intra-abdominal QD uptake. All three of these bowel-resected rats also had intrathoracic QD uptake. There was a significant change in the pattern of SLN drainage from the abdominal lymph nodes to the mediastinal lymph nodes after bowel resection.
Change in Distant Lymphatic Drainage Pattern After Bowel Resection
Six rats with bowel resection were compared with six sham controls. All received HSA800 and were imaged 1 hour later. Sham surgery rats had a distribution of HSA800 to the superior mesenteric (five of six rats), celiac (four of six rats), and periportal (six of six rats) lymph node groups, a distribution similar to that for nonoperated rats. Three sham surgery rats did have uptake into the superior mediastinal lymph node group, and one had uptake into the anterior mediastinum lymph node group. In contrast, rats with maximal bowel resection had a significant increase in the number of intrathoracic lymph node groups with HSA800 uptake. All six bowel-resected rats had uptake into both the superior and anterior mediastinal lymph node groups (P < .01; Fig. 4B ). Bowel-resected rats also had a significant decrease in the number of intra-abdominal lymph nodes. Whereas all six sham surgery rats had HSA800-positive intraabdominal lymph nodes, only three bowel-resected rats had intra-abdominal HSA800 uptake (P < .01; Fig. 4B ). Additionally, in control rats, HSA800 could be seen within the thoracic duct and lymphatics within the diaphragm (Fig. 5A) . After bowel resection, HSA800 could not be seen within the thoracic duct but could be seen easily within parasternal and diaphragmatic lymphatics (Fig. 5B) , again demonstrating altered lymphatic drainage of the peritoneal cavity after bowel resection.
DISCUSSION
Flow of lymph from the peritoneum has been investigated in the context of peritonitis 11 and peritoneal dialysis. 12 Our study investigated lymphatic drainage of the peritoneum in the context of the spread of cancer cells to regional lymph nodes and distant lymphatics. Stomach, colon, and ovarian cancer and any malignancy with potential shedding of cells to the peritoneal space may drain to an SLN with potential access to distant lymphatics. This study in the rat indicates that a specific peritoneal lymph drainage pattern exists. Although this pattern may vary among species, NIR fluorescent imaging is a means to identify peritoneal SLNs. Thus, accurate nodal staging could be achieved without complete lymphadenectomy of several lymph node stations. Individual peritoneal SLNs could be identified and biopsied for staging, even before appreciable bulky nodal disease or carcinomatosis occurs. For example, ovarian cancer with malignant cells in peritoneal washings can be staged as low as Ic depending on the primary tumor. However, involvement of distant lymph nodes is defined as stage III. 13 In routine staging laparotomy, the pelvic and para-aortic lymph nodes are sampled because of the lymph drainage pattern of the ovary. However, possible SLNs of the peritoneal space are not sought, identified, or purposely resected. Consequently, there is a potential for more accurate lymph node staging of cancers with potential shedding into the peritoneal space.
Knowledge of lymph node drainage patterns could also aid in cytoreductive surgery in the setting of peritoneal carcinomatosis. The survival of patients with carcinomatosis from colorectal cancer, pseudomyxoma peritonei, and peritoneal mesothelioma increased on the basis of the completeness of disease resection.
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Similarly, with advanced uterine cancer, incomplete cytoreduction resulted in increased morbidity and mortality. 18 Therefore, identifying and assessing lymph nodes communicating with the peritoneal space can aid in completeness of resection and, possibly, survival.
In the rat model, there are specific NIR-fluorescent positive and negative nodes within each lymph node group, thus suggesting a particular lymph node drainage pattern and not merely diffusion into all intra-abdominal lymphatics. In this study, we did not document the number of positive and negative lymph nodes within a group. However, this would be a feasible study because NIR fluorescent imaging has the resolution to distinguish individual positive and negative nodes in both small-and large-animal models. 2,8,9,19À21 Because NIR fluorescent imaging is real time, it should be possible to perform directed dissection of individual positive lymph nodes, obviating the need to perform a complete lymphadenectomy of a lymph node station.
In this study, we used novel NIR fluorescent lymph tracers to identify the lymph drainage pattern of the peritoneum. The peritoneum can be considered as one lymph space with drainage to candidate lymph nodes: namely, the celiac, periportal, and superior mesenteric lymph node groups. Abernethy et al. 6, 22 suggested that intrathoracic, not intraabdominal, lymph nodes were the primary recipient of lymph drainage of the peritoneal space. They used Evans blue and iodine-125Àlabeled HSA as lymph tracers. These are smaller, more mobile molecules that may have passed through abdominal lymph nodes to concentrate in intrathoracic lymph nodes. Abernathy et al. did find some lightly blue-stained intra-abdominal lymph nodes, which may have been obscured by noted peritoneal surface staining.
We used differently sized NIR lymph tracers that have several advantages over conventional lymph tracers. First, NIR fluorescent tracers fluoresce brightly through up to 1 cm of tissue. 8 The entire peritoneum and thorax can be imaged in real time There was no significant difference in the location of uptake of human serum albumin conjugated with IRDye800 (HSA800), regardless of injection site. HSA800, which identifies lymph flow beyond the sentinel lymph node, was seen within intra-abdominal and intrathoracic lymph nodes 1 hour after injection into the peritoneal space.
for in situ communicating nodes, thus maximizing sensitivity and minimizing sampling error. The images can also be magnified to assist in precise and complete resection of communicating lymph nodes. Second, NIR has insignificant background staining because in vivo tissue has minimal intrinsic NIR fluorescence. Third, and most important, the two differently sized tracers allowed us to map the SLN with QDs and, in addition, map distant lymphatics beyond the SLN with HSA800. In our study, the large 20-nm QDs did not pass through lymph nodes, but lodged and concentrated within the first node encountered, thus providing a more accurate identification of the SLN. Although some QD signal was found in the superior mediastinal lymph nodes, these thoracic lymph nodes did not have the same convincing, bright presence as the intra-abdominal lymph nodes. This suggests that the dominant drainage of the peritoneum is to intraabdominal SLN groups. It is possible that less important, but parallel, lymphatics drain the peritoneum directly to intrathoracic lymph nodes.
The optimal size of lymph tracers remains controversial, but it is thought to be in the range of 4 to 100 nm. 23, 24 Cancer cells, which are much larger than lymph tracers, may also have the capacity to alter their own lymph flow. For example, tumor burden negatively affects the ability to identify SLNs in Six rats receiving bowel resection, intraperitoneal quantum dot (QD) injection, and imaging 1 hour later showed decreased QD uptake into intra-abdominal lymph node groups and increased uptake into superior and anterior mediastinal lymph node groups compared with six sham surgery control rats. (B) Six rats receiving bowel resection, human serum albumin conjugated with IRDye800 (HSA800) injection, and imaging 1 hour later showed increased uptake into superior and anterior mediastinal lymph node groups, elimination of uptake into periportal lymph node groups, and decreased celiac and superior mesenteric lymph node uptake compared with six control rats.
breast cancer because of altered lymph flow. 25 Therefore, study of smaller and distant lymph channels of the peritoneum was warranted. Just as QDs have been proven to be reliable and safe tracers for SLNs, HSA800 has proven to be a reliable tracer of lymphatic draining beyond the SLN. 2,8,9,19À21 At early time points, HSA800 identified the same candidate SLNs of the peritoneum as did QDs. Within 1 hour, HSA800 identified communicating lymph channels with the thoracic duct and the superior and anterior mediastinal lymph nodes and more faintly to the diaphragmatic and anterior chest wall lymphatics. Although the intra-abdominal lymph node groups seem to be the SLNs of the peritoneal space, there is also communication, either in parallel or series, with the diaphragmatic, thoracic duct, and chest wall lymphatics. Identification of intrathoracic lymph nodes and lymphatic channels corroborates findings of multiple studies with smaller lymph tracers. 4, 26 Given the large parietal and visceral surface area of the peritoneum, it is possible that lymphatic drainage proceeds through multiple defined SLNs and lymphatics leading to the central circulation. These findings confirm previous studies of peritoneal space lymphatic drainage that also found multiple and parallel lymphatic drainage patterns. 22 Multiple SLNs are also found in SLN mapping of breast and melanoma. 27 In fact, the identification of multiple SLNs improved the false-negative rate from 14.3% to 4.3% when only one SLN was identified. 28 The different permutations found from animal to animal of celiac, periportal, and superior mesenteric lymph node groups as SLNs indicate a complex and individualized lymphatic drainage pattern of the peritoneum. Drainage patterns could be specific to individual animals, species, or disease processes. These issues remain to be clarified; however, the development of NIR fluorescent lymph node mapping makes these future investigations feasible. The candidate SLN groups-namely, the celiac, periportal, and superior mesenteric lymph node groups-are the same lymph node groups that receive lymph flow from the bowel. This suggests that the visceral, not the parietal, side of the peritoneal space is the significant contributor of peritoneal lymphatic drainage. To further test this hypothesis, six rats received maximal bowel resection with preservation of continuity and periportal, celiac, and superior mesenteric lymph node groups. Bowel-resected rats and sham surgery controls underwent intraperitoneal injection of QDs or HSA800 and imaging 1 hour later. After bowel resection, QDs identified peritoneal SLNs to be intrathoracic and not intra-abdominal. Furthermore, there was an absence of HSA800 in the thoracic duct and enhanced presence of HSA800 in diaphragmatic and anterior chest wall lymphatics. Therefore, lymphatics associated with the large and small intestine direct peritoneal lymph flow to intraabdominal SLNs, then to the thoracic duct, and finally to intrathoracic lymph nodes at later time points. In the absence of bowel lymphatics, the first draining lymph node group was actually intrathoracic, probably through the diaphragmatic and anterior chest wall lymphatics (Fig. 6) . Therefore, the visceral bowel surfaces, not the parietal surfaces of the peritoneum, govern peritoneal flow to select intraabdominal lymph nodes, followed by the thoracic duct and eventually to the thoracic lymph nodes.
Of note, sham-surgery rats and nonoperated rats did not always have QD or HSA800 uptake at the base of the mesentery. Possibly, the lymph of the peritoneum travels via subserosal lymphatics, spuriously intermixing with submucosal lymphatics of the bowel. It is possible that lymph could avoid contact with the superior mesenteric lymph nodes altogether. The contribution of visceral surfaces to peritoneal space lymph drainage in humans is not fully appreciated. If our results in the rat are any indication, lymph flow to the bowel could be a novel mechanism of metastatic spread. Additionally, patients undergoing bowel resection could have an enhanced lymph flow from the peritoneal space through alternate lymph channels of the diaphragm and parietal surfaces.
In small and large animals, QDs and HSA800 have proven to be reliable and safe tracers for detection of SLNs. 2,8,9,19À21 A potential limitation of QDs and HSA800 is their unknown toxicity. With QDs, the individual metals comprising the inorganic core have known toxic effects, especially at concentrations higher than those used in our study. The toxicity of these metals when complexed as salts with an organic shell is unknown. In our studies, there were no signs of acute toxicity: namely, changes in heart rate or rhythm, blood pressure, or oxygen saturation. HSA800 has a greater potential for immediate clinical application because it is purely organic and the product of nontoxic components. However, studies directed at establishing the toxicity, if any, of these tracers must still be performed before the technology is applied to humans.
In conclusion, our findings of peritoneal SLN drainage to the celiac, periportal, and superior mesenteric lymph nodes of the rat cannot be extrapolated to humans. Indeed, our findings of redirected lymph drainage to the thorax in the presence of massive bowel resection compel further studies in large-animal models and, it is to be hoped, humans. In our rat model, we were able to appreciate intra-abdominal lymph nodes with a laparotomy and intrathoracic lymph nodes with a thoracotomy. To make this technology more applicable to the clinical setting, we are actively developing the NIR fluorescent imaging system for a thoracoscope and laparoscope. Our findings do, however, indicate that the lymph drainage of the peritoneum is complex and individualized. NIR fluorescent imaging thus has potential to contribute to patient-specific, minimally invasive investigation of SLNs of the peritoneal space.
